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Abstrat
Spin-dependent transport is investigated in ballisti regime through the interfae between a fer-
romagnet and a spin spiral. We show that spin-dependent interferenes lead to a new type of
diration alled "spin-diration". It is shown that this spin-diration leads to loal spin and
eletrial urrents along the interfae. This study also shows that in highly non homogeneous mag-
neti onguration (non adiabati limit), the ontribution of the dirated eletrons is ruial to
desribe spin transport in suh strutures.
PACS numbers: 72.25.-b,73.43.Qt,75.60.Ch,75.50.Ee
1
The reent observations of urrent-indued domain wall motion [1℄ and the investigation
of this phenomenon by miromagneti simulations [2℄ have underlined the question of spin
transport in non homogeneous systems. Although proposed very early [3℄, urrent-indued
domain wall motion (DWM) has attrated muh attention beause of its great appliation
potential but also beause of the deep fundamental question of the role of eletron spin
motion in temporally and spaially varying magneti strutures. Zhang et al. [4℄ proposed
an analytial formula for spin torque in slowly varying strutures (see eq. 9 in Ref. 4):
T = a
∂M
∂t
+ bM ×
∂M
∂t
− c1M × [M × (je.∇)M ]− c2M × (je.∇)M (1)
whereM is the magnetization unit vetor, a is the renormalization fator of the gyromagneti
ratio and b is the renormalization fator of the damping parameter in the Landau-Lifshitz-
Gilbert equation. The last two terms represent the spin transfer torque in spaially varying
magneti struture. The prefators c1 and c2 are respetively proportionnal to the adiabati
and non adiabati ontribution. For smooth enough non-homogeneities of the magneti
struture, the adiabati approximation is usually assumed : the eletron spin follows the
loal magnetization produing a small torque proportional to the spatial derivative of the
magnetization [5, 6℄. In this ase, it is usually aepted that the non adiabati term c2 is
small but annot be negleted in domain wall experiments [7, 8℄. Furthermore, in spaially
non homogeneous systems, c1 and c2 are non loal oeients [5, 6, 9℄: at eah point of
the struture, one has to onsider the ontribution of all the eletrons owing through the
struture.
In this artile, we propose to study the non adiabati regime in an "aademi" system.
We onsider two adjaent layers: the left one (z<0, F) with a homogenous magnetization
P = Pz and the right one (z>0, SS - for Spin Spiral) with a 2D helial magnetization
ontained in the (x,z) plane M = M(sin θ(x)x + cos θ(x)z), where θ(x) = θ0 + Qx. The
interfae lies in the (x,y) plane and z is perpendiular to the interfae. We onsider that
the regions are semi-innite and respetively onneted to a ferromagneti and a spin spiral
reservoir. The bias voltage V is applied aross the interfae.
Suh helial spin strutures exist in some ompounds suh as MnSi [10℄, oxide materials
2
suh as SrFeO3, NaCuO [11℄, rare-earth based ompounds [12℄ or γ-iron [13℄. This helial
struture an be also a simplied piture of narrow stripe domains with domain wall width
omparable to domain width.
In this ase, the adiabati approximation is no more valid beause an eletron moving
through the interfae keeps the memory of its spin state for some distane. Spin-polarized
eletrons moving from F into SS undergo "spin diration" as represented on Fig. 1: an im-
pinging eletron with an in-plane inident wavevetor κ gives rise to transmitted (reeted)
waves with in-plane wavevetors κ+nQ/2 (κ+nQ), 2piQ−1 being the wavelength of the spin
spiral. From the interferene of all these waves, one an expet original eletrial properties
like non-zero torque ating on the magnetization of SS, loal longitudinal spin urrent and
even harge urrent (Hall eet and spin Hall eet [14℄) along the F/SS interfae.
To model the spin-dependent transport, we use Keldysh out-of-equilibrium tehnique[15,
16℄ whih expresses the lesser Keldysh Green funtions G−+σσ′ (rr') as a funtion of the basis
of wavefuntions Ψl,rσ(r) for an eletron moving from the left (right) to the right (left)
reservoir:
G−+σσ′ (rr') = fl(µl)Ψ
∗
lσ′(r')Ψlσ(r) + fr(µr)Ψ
∗
rσ′(r')Ψrσ(r) (2)
where fl(r)(µl(r)) are the Fermi distribution funtions in the left and right eletrodes and
µl(r) are the hemial potentials in these eletrodes so that V = (µl − µr)/e. The eletrial
urrent density J
e
, spin density m and torque T (exerted on SS) are given by the usual loal
denitions:
J
e = ℑ[(∇
r'
−∇
r
)(G−+↑↑ (rr') +G
−+
↓↓ (rr'))] (3)
mx + imy =< σ
+ >= 2G−+↑↓ (rr') (4)
mz =< σ
z >= G−+↑↑ (rr')−G
−+
↓↓ (rr') (5)
T =
γJsd
h¯µB
M×m (6)
where γ is the gyromagneti ratio, µB is the Bohr magneton and Jsd is the s− d exhange
oupling. The torque T possesses two omponents: the usual spin transfer torque term
(STT, adiabati torque propotionnal to my and lying in the (x, z) plane), and the eld-like
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term (IEC, non adiabati torque perpendiular to the (x, z) plane). The Hamiltonian of the
system is then:
H =
p2
2m
+ U + Jsd(σ.S) (7)
where U is the potential prole, σ is the vetor of Pauli matries and S is the magnetization
of the layer (S = M in SS and S = P in F). The wavefuntions are the solutions of
the Shrödinger HΨ = EΨ. To solve these equation, we used the proedure developped
by Calvo[17℄ in a spin spiral. The boundary onditions of these wavefuntions and their
derivatives lead to reurrent relations between the oeients of these wavefuntions [18℄.
For example, the wavefuntions of an initially majority eletron originating from the left
reservoir with in-plane wavevetor κ are:
Ψ
↑(↑)
lSS =
∑
n
[c3(κ+Q(n− 1
2
))(cos
θ(x)
2
− iφκ+Q(n− 1
2
) sin
θ(x)
2
)e
ik
3(κ+Q(n− 12 ))
z
+ c4(κ+Q(n− 1
2
))(φκ+Q(n− 1
2
) cos
θ(x)
2
+ i sin
θ(x)
2
)e
ik
4(κ+Q(n− 12 ))
z
]ei(qy+(κ+Q(n−
1
2
))x)
(8)
Ψ
↓(↑)
lSS =
∑
n
[c3(κ+Q(n− 1
2
))(sin
θ(x)
2
+ iφκ+Q(n− 1
2
) cos
θ(x)
2
)e
ik
3(κ+Q(n− 1
2
))
z
+ c4(κ+Q(n− 1
2
))(−i cos
θ(x)
2
+ φκ+Q(n− 1
2
) sin
θ(x)
2
)e
ik
4(κ+Q(n− 1
2
))
z
]ei(qy+(κ+Q(n−
1
2
))x)
(9)
where c3(4) are omplex diration oeients and k3(4) are wavevetors for majority (mi-
nority) spin projetion in SS. This proedure will be developped in a forthoming artile
[18℄.
For the numerial simulations, we took parameters orresponding to spin transport in
Co: the Fermi wavevetors for majority and minority spins are respetively k↑F = 1.1 Å
−1
,
k↓F = 0.6 Å
−1
; the inverse wavelength of the spin spiral is Q−1 = (2pi)−1 Å−1 (highly non
homogeneous magneti system). The Fermi wavevetors of SS and F are the same and
we onsider the linear approximation : for a small enough bias voltage, only the eletrons
originating from the left reservoir with an energy loated between µl and µr signiantly
ontribute to the harge and spin transport. We set µl − µr = 38 meV.
Figure 2 displays the longitudinal harge urrent Jex in the (x, z) plane. Close to the
4
interfae, Jex osillates with SS magnetization, but rapidly dereases and vanishes to zero
within 5 Å. We observe the same behaviour for the perpendiular urrent Jez exept it reahes
an averaged value within 5 Å. We observe the same features for STT and IEC (not shown
here).
This rapid deay is due to interferenes between dirated eletron waves. Close to the
interfae, the averaging eet is smaller than in the bulk SS, so the osillation amplitude of
Jex(z) and STT, IEC is always higher near the interfae than in the bulk.
These damped osillations strongly depend on the SS wavelength 2piQ−1[18℄. Fig. 3
displays the z-dependene of the longitudinal urrent Jex [Fig. 3(a)℄, STT [Fig. 3(b)℄ and
IEC [Fig. 3()℄ for dierent values of SS wavelenght Q
−1
.
When Q inreases, the osillation amplitude of Jex is redued so that J
e
x vanishes more
rapidly to zero: the inrease of the non adiabatiity indues a more important averaging
eet due to interferene between multiple dirated waves. STT and IEC have an opposite
behaviour when varying Q. The osillation amplitude of STT dereases when Q inreases
(similarly to Jex), whereas the amplitude of IEC inreases. This illustrates the dierent
nature of STT and IEC: STT is the adiabati torque (vanishes in highly non homogeneous
struture) and IEC is the non adiabati torque (vanishes in adiabati systems).
This study demonstrates that spin diration gives rise to omplex harateristi in spin
torque and eletrial urrents and is of seminal importane in non adiabati magneti sys-
tems.
This work was partially supported within the European MRTN SPINSWITCH CT-2006-
035327 and the Russian Fundings for Basi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FIGURE CAPTIONS
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Figure 1: Cartoon of the bilayered struture. The left semi-innite layer is a ferromagnet with
a homogeneous magnetization and the right semi-innite layer is a spin spiral with wavelength
2piQ−1. The spin-polarized eletrons undergo spin-diration at the interfae.
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Figure 2: Map of the longitudinal eletrial urrent density in the (x, z) plane.
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Figure 3: Longitudinal urrent (a), usual spin transfer torque (b) and urrent-indued interlayer
exhange oupling () as a funtion of z for dierent Q (see inset) and alulated at x = pi/2Q.
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